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Introduction
Higher sterols are believed to serve as important modulators of the physical properties and lateral molecular organization of the fluid-bilayer component of cell plasma membranes. Due to their rigid and molecularly smooth and flat steroid ring structure, the sterols order the acyl chain of the phospholipids in liquid (fluid) lipid membranes leading to membrane thickening, decreased permeability, and a substantial mechanical stiffening of the bilayers (Mouritsen and Zuckermann, 2004) . At the same time the sterols maintain the fluidity and fast lateral molecular diffusion in the membranes necessary for membrane function (Mouritsen and Bagatolli, 2016) , e.g., by fluidizing lipid membranes in their solid (gel) states.
The differential effects of sterols on liquid and solid membrane phases, so pronouncedly reflected in their peculiar phase diagram involving coexistence between two different liquid phases, is believed to be an important signature of sterol effects in both model membranes as well as functional biological membranes (Simons and Sampaio, 2011) . Most importantly, the higher sterols cholesterol (Vist and Davis, 1990; Ipsen et al., 1987; Davis et al., 2009; Aslop and Rheinstädter, 2016) , ergosterol (Hsueh et al., 2005; 2007) , and dehydroergosterol ) have been demonstrated in some binary, and in the case of cholesterol also in several ternary (Feigenson and Buboltz, 2001; Marsh 2009; Heberle et al., 2010; Bezlyepkina et al., 2013) as well as quaternary (Konyakhina et al., 2013) lipid mixtures to promote a special membrane phase, the so-called liquid-ordered phase, that is a liquid phase with high molecular diffusion rates but with ordered lipid acyl chains (Ipsen et al., 1987; Mouritsen, 2010) .
It has been surmised that only higher sterols can promote the liquid-ordered phase (Miao et al., 2002) , whereas precursors in the sterol biosynthetic pathway, such as lanosterol, cannot (Bloom and Mouritsen, 1995; Aittoniemi et al., 2006) . The liquid-ordered phase forms the biophysical basis for the so-called ‛raft' hypothesis that assigns functional properties to nano-scale lipid domains in membranes (Simons and Sampio, 2011; Sezgin et al., 2012) . A wide range of model membranes and reconstituted membranes with and without proteins have been shown to display lateral domain structure Mouritsen, 2011; Almeida, 2014) although it still remains controversial whether rafts exists in functional cell membranes (Jacobson et al., 2007; Sevcsik and Schütz, 2015) . A particular issue has been the sizes and timescales associated with putative rafts in both model systems and biological membranes, what type of local structures these lipid domains and rafts may have, and what their local structure and dynamics may be (Almeida et al., 2005; Armstrong et al., 2013; Rheinstädter and Mouritsen, 2013; Alsop and Rheinstädter, 2016) .
Whereas there is a substantial literature on the effect of the animal sterol cholesterol on membrane structure, there are surprisingly few quantitative studies delineating the effect on membrane structure of sterols from higher plants (Hodzic et al., 2008; Shaghaghi et al., 2016; Beck et al., 2007; Grosjean et al., 2015) , fungi (Hsueh et al., 2005; 2007) , and marine algae (Dai et al., 1991; Simonsen et al., 2009) . The question naturally arises whether algae sterols conform to the known universal behavior of animal and fungal sterols in terms of increased membrane ordering, reinforced mechanics, and stabilization of a liquid-ordered phase or domains with liquid-ordered chains. The answer to this question may be important not only for understanding algae physiology (Patterson, 1991; Ilias et al., 2006) but also for human nutrition and health as it appears that sterols, in particular algal sterols, have positive effects on human health, such as improved digestion, enhanced blood clearance, and lowering of free and bound cholesterol (Tapiero et al., 2002; Yi et al., 2016) .
Here we pose this question in the case of the algae sterols fucosterol and desmosterol. Fucosterol is a principal sterol in brown macroalgae, e.g., Macrocystis and members of Laminariales family, whereas desmosterol is a dominating sterol in many red macroalgae, e.g., Pyropia and Palmaria (Patterson, 1991) .
In the present paper we have performed a comparative biophysical study between cholesterol and the algae sterols desmosterol and fucosterol (see Fig. 1 for structural formulas). We have also performed some selected studies involving cholesterol and the fungal sterol ergosterol. In comparison with cholesterol, desmosterol and fucosterol have modifications at the hydrocarbon tail; desmosterol with a double bond at position 24-25 and fucosterol with a branch chain and a double bond at position 24. Ergosterol has the same hydrocarbon tail as cholesterol, but an additional double bond between positions 7 and 8 at the fused ring structure.
We have studied the effect of these sterols on structure and ordering in lipid bilayer membranes using three different types of membrane models, specifically multilamellar dispersions, giant unilamellar vesicles (GUVs), and solid-supported lipid bilayers. Each model system lends itself to be examined quantitatively by certain biophysical techniques, in particular differential-scanning calorimetry, fluorescence microscopy, vesicle-fluctuation analysis, and atomic force microscopy. The membranes were composed of different binary and ternary lipid mixtures with the sterol in question, choosing specific phospholipids, in particular DPPC, POPC, and DOPC, which are known to be relevant for an understanding of many aspects of the generic behavior of biological membranes in relation to lipid domain and raft formation (Marsh, 2013) . Importantly, DPPC was chosen because it is a saturated lipid with a high melting point and with both solid and liquid phases in a convenient temperature range for the biophysical experiments. POPC and DOPC were chosen because they are low-melting lipids in fluid states at physiological conditions. Moreover, ternary mixtures with sterols containing both a high-and a low-melting lipid are known to be good model systems of biological membranes (Marsh, 2013 ) that display coexistence between two liquid phases, the liquid-ordered and the liquid-disordered phase.
In order to study a given physical effect induced by the sterol in question, i.e., phase transition, chain ordering, mechanical membrane properties, or lateral structure, we have chosen a model membrane system, it be multilamellar, GUV, or supported bilayer, with a composition that allows us to study quantitatively the effect in question in the most convenient setting.
Materials, model systems, and methods

Materials
Phospholipids and cholesterol were obtained from Avanti polar lipids (Alabaster, AL). Fucosterol and desmosterol were obtained from Steraloids (Newport, RI) and ergosterol from Sigma-Aldrich (St. Louis, MO). All lipids where used as received. The fluorescent dyes N-Rh-DPPE was from Avanti polar lipids and LAURDAN was obtained from Invitrogen (Thermo Fisher Scientific, Radnor, PA). Naphtopyrene, solvent, and salts were all from Sigma-Aldrich.
Model systems and methods
Multilamellar dispersions and DSC
The multilamellar liposomes dispersions were prepared by mixing DPPC and the appropriate sterols from chloroform stock solutions. The chloroform was evaporated with a gentle stream of nitrogen and the samples were then placed under reduced pressure overnight. The formed lipid film was hydrated with ultra-pure water by shaking for 30 min at 55˚C.
DSC was performed in a N-DSC II calorimeter (TA instruments, Lindon, UT). A static pressure of 3 atm was applied to prevent bubble formation. A scan rate of 0.5 K/min and a lipid concentration of 5 mM were used. Data was analyzed in Origin 7 (Origin lab, Northampton, MA) and the main phase transition temperature, T m , was defined from the maximum in the DSC trace.
Preparation of GUVs for fluorescence microscopy
DPPC, DOPC, and sterol stock organic solutions (10 mg/ml) were prepared in chloroform by dissolving the appropriate mass of lipid previously weighed by balance (Mettler Toledo AX205 delta range, d=0.01mg). The DOPC and DPPC concentration in the stocks were confirmed by phosphorus analysis (Bartlett, 1959) . Sterol concentration was determined by gravimetric analysis. The associated error in the concentration of our stock solutions was <1%. Mixtures containing DOPC, DPPC, and sterol (2:2:1 mol), including the fluorescent probes, were prepared in Cl 3 CH/MetOH 2:1 v/v (total lipid concentration 0.2 mg/ml). Probes were 0.75 and 0.25 mol% with respect to total lipids for Naphthopyrene and N-Rh-DPPE respectively. In the case of LAURDAN the probe concentration was 1% mol with respect to total lipids. Stock solutions of the fluorescent probes where prepared in Cl 3 CH and their concentrations were determined using spectrophotometry. GUVs were prepared following the electroformation method described by Angelova et al. (1992) using a custom-built chamber (Fidorra et al., 2006) . Briefly, aliquots of the desired lipid mixture containing the fluorescent probes were deposited on each Pt electrode (4 l per wire), and the solvent was removed under vacuum for 2 hours. After removal of the organic solvent, the chamber was filled with a 200mM sucrose solution, and an AC field was applied to the chamber using a function generator (Vann Draper Digimess Fg 100, Stenson Derby UK) with an amplitude of 1.3V and a frequency of 10 Hz. The electroformation was carried out for 60 minutes at a temperature of 55°C for all samples. Subsequently, the GUVs chamber was cooled to room temperature in a time span of approximately 5 hours in an oven (J.P. Selecta, Barcelona, Spain) using a temperature ramp (~ 0.2 °C/min). The last step was done in order to achieve equilibrium conditions in the samples. Once the solution reached room temperature, the vesicles were transferred to an iso-osmolar glucose solution in a special chamber (200 l of glucose + 50 l of the GUVs in sucrose in each of the 8 wells of the plastic chamber used (Lab-tek Brand Products, Naperville IL). The density difference between the interior and exterior of the GUVs causes the vesicles to sink to the bottom of the chamber, and within a few minutes, the vesicles are ready to be observed using an inverted laser scanning confocal fluorescence microscope. The temperature during image acquisition was controlled to 20.0 ± 0.5°C.
Laser scanning confocal fluorescence microscopy experiments
Confocal Image stacks were acquired on a Zeiss LSM 510 Meta confocal laser scanning fluorescence microscope. A C-Apochromat 40x water immersion objective with a NA 1.2 was used in our experiments. Two-channel image stacks were acquired using multi-track mode. Argon and NeHe lasers (458 and 543 nm) were used as excitation sources. The laser lines were reflected to the sample through the objective using two different dichroic mirrors (HFT 488/543/633 and HFT 458 for exciting N-Rh-DPPE and Naphthopyrene respectively). The fluorescence emission collected through the objective was directed to the PMT detectors using a mirror. A beam splitter was used to eliminate remnant scattering from the laser sources (NFT 545) in a two-channel configuration. Additional filters were incorporated in front of the PMT detectors in the two different channels to measure the fluorescent intensity, i.e. a long pass filter > 560 nm for N-Rh-DPPE and a band pass filter 500 ± 20 nm for Naphthopyrene. The acquired intensity images were checked to avoid PMT saturation and loss of offsets by carefully adjusting the laser power, the detector gain, and the detector offset. The image stacks were acquired at a sampling rate slightly above the Nyquist frequency, which was calculated to be 40 nm for x and y and 140 nm for z with Huygens Scripting Software (Scientific Volume Imaging, Hilversum, Netherlands). The sampling above the Nyquist frequency was necessary to guarantee sufficient scan speed, which minimizes vesicle movement. The distinct preference of N-Rh-DPPE and Naphthopyrene for disordered and ordered liquid phases respectively was corroborated by comparative experiments using LAURDAN GP (see below).
LAURDAN GP imaging
The main advantages of LAURDAN over many of other fluorescence probes are: i) the negligible contribution of the probe from the water phase since partitioning into the membrane phase is highly favored), ii) the even partitioning of LAURDAN in membranes displaying lateral heterogeneity, and iii) the sensitivity of the probe to lipid packing (e.g., a 50 nm emission shift is observed going from a solid-ordered to a liquiddisordered phase (Parasassi et al., 1990; Bagatolli, 2006; Bagatolli, 2013) . This sensitivity is due to dipolar relaxation processes that occur during the lifetime of the probe (nanoseconds), caused by the presence of water molecules with restricted mobility in the region where LAURDAN is located in the membrane (Parasassi et al., 1990; Bagatolli, 2006; Bagatolli, 2013) . Most of the applications of LAURDAN in membranes studies rely on measurements of the Generalized Polarization (GP) function introduced by Parasassi et al. (1990) as an analytical method to quantitatively determine the relative amount of coexisting phases in a membrane as well as to study their temporal fluctuations. The GP function shows very characteristic values depending on the membrane phase state (Bagatolli, 2006; . For instance, in the solid-ordered phase the observed GP values are around 0.6 (the extent of solvent relaxation in the nanosecond regime is very low) whereas for the liquid-disordered phase the values are below 0.15, often down to negative values around -0.2 depending on the temperature (here the extent of solvent relaxation in the nanosecond regime is high). The liquid-ordered phase show intermediate GP values depending on the cholesterol molar fraction in the membrane, which in turn is related to the hydration properties of the membrane (Dietrich et al., 2001) .
LAURDAN GP measurements were here performed on a custom-build microscope setup on a specially constructed Olympus IX70 microscope. The objective used was a 60x water objective with an NA of 1.2. The excitation light source was a femtosecond Ti:Sa laser (HP Mai Tai, tunable excitation range 690-960 nm, Spectra Physics, Mountain View, CA) and the excitation wavelength was 780nm. The fluorescence signals were collected in two separate detectors (I B and I R ), equipped with band passes of 446±23 nm and 492±23 nm, respectively. LAURDAN GP values were calculated using the following equation: GP = (I B -I R )/ (I B + I R ), where I B and I R are the fluorescence intensities measured in the blue and red edges of the LAURDAN fluorescence emission spectrum. Corrections using the G factor were performed in our experiments as previously reported (Brewer et al., 2010) . The average GP values for liquid-ordered and liquid-disordered phases were computed from the analysis of approximately 20 vesicles.
GUVs and vesicle fluctuation analysis
GUVs were formed by the electroformation technique (Angelova et al., 1992) . After having been detached from the electrodes at the end of the preparation protocol, the GUVs were observed directly in the electroformation cuvette (for details of the protocol, see also Sec. 2.2.2 above). A temperature-controlled chamber holder (25°C) was used to maintain constant temperature. The giant vesicles were visualized using a phase contrast microscope (Axiovert S100 Zeiss, Göttingen, Germany) equipped with an x40/0.60 objective (440865 LD Achroplan). The vesicle two-dimensional contour in the focal plane of the objective was thus obtained, and a CCD Camera (SONY SSC-DC50AP) was used to record series of 10000 to 45000 pictures at a rate of 25 frames per second with a video integration time of 4 ms.
The video image sequences of the thermal fluctuations of the GUVs were analyzed using custom-made software to perform contour extraction, contour cleaning, and the fluctuation-analysis procedures presented in (Ipsen et al., 2017) . The analysis of the statistical distribution of vesicle contours based on a mode decomposition of the angular correlation function introduced in (Henriksen et al., 2004) was performed. Static analysis of the flicker spectrum led to the determination of the bending modulus by analysis of the distributions of the amplitudes of decomposition of the angular correlation function in the Legendre polynomial basis.
Supported bilayers and atomic force microscopy (AFM)
Single-and double-supported bilayers on mica were prepared using the spincoating method (Simonsen et al., 2004) and following the protocol detailed in (Jensen et al., 2007) . Briefly, dry lipid films on mica were prepared by spincoating a 10 mM lipid (total) stock containing 0.5% of a fluorescent dye (DiIC 18 ) in hexane/methanol (97:3 volume ratio) onto freshly cleaved mica. The sample was stored in vacuum for 10-15 hours and was subsequently hydrated in 150 mM NaCl aqueous solution at 55 °C for 1 hour. The hydrated sample was placed in an epi-fluorescence microscope, and rinsed with hot hydration solution to fabricate areas with single-and double-supported lipid bilayers and to eliminate bilayer fragments floating in solution. Following cooling to ambient temperature, the lipid bilayer undergoes phase separation and coarsening.
Atomic force microscopy on the first (proximal) bilayer was performed using a JPK Nanowizard AFM system (JPK Instruments, Berlin, germany) operated in contact mode. Silicon nitride cantilevers of the type (MSCT, C-lever, Bruker) were used, with a nominal spring constant of 0.01 N/m and a resonance frequency of 7 kHz. During scanning, the sample was located in the fluid cell (JPK) also used for fluorescence imaging. Images were analyzed with SPIP (Image Metrology, Hørsholm, Denmark).
Fluorescence microscopy was also performed on the supported membranes using a Nikon TE2000 microscope with a 40X objective (Nikon, ELWD, Plan Fluor, NA=0.6). Fluorescence excitation was done with a halogen lamp and using a G-2A (Nikon) filtercube for the DiIC 18 probe. Images were recorded with an EM-CCD camera (Sensicam em, PCO-Imaging, Kelheim, Germany) and operated with Camware software (PCO).
Results
Sterols suppress the lipid phase transition
In Fig. 2 are shown the thermograms with the specific heat as a function of temperature for binary mixtures of DPPC with different sterols. The sharp peak for pure DPPC around 42ºC signals the main phase transition (solid-ordered to liquid-disordered). As increasing amounts of sterols are incorporated, the transition broadens into a two-phase coexistence region below the pure DPPC melting point, demonstrating that all sterols are more soluble in the liquid phase than in the solid phase. The maximum of the specific heat main peaks is taken as a measure of a midpoint transition temperature, T m . By comparison of the variation of T m as a function of sterol concentration for the four different sterols as shown Fig. 3 it can be concluded that the effect of the sterols with respect to suppressing the phase transition increases progressively in the order fucosterol > desmosterol > ergosterol > cholesterol.
A determination of the full phase diagram for binary lipid mixtures with sterols like cholesterol and ergosterol is known to be a very delicate matter (Mouritsen and Zuckermann, 2004) . We have therefore not attempted to construct a thermodynamic phase diagram for the desmosterol and fucosterol systems. However, since we are here mainly interested in the differential effect of the ordering capacity of the higher sterols, the present thermal analysis suffices to suggests that the algae sterols are substantially poorer to order disordered (fluid) lipid chains than cholesterol and ergosterol, and conversely they are better to disorder ordered lipid chains.
Desmosterol and fucosterol are poor membrane-stiffening agents
In Fig. 4 is shown a phase contrast image of a GUV composed of POPC with 20% fucosterol at 25ºC. Clearly fluctuations make the shape of the vesicle deviate from spherical form. The estimated bending elastic modulus calculated from the analysis is represented an average of measurements amongst a populations respectively of 10 vesicles (4:1 POPC:fucosterol) and 7 vesicles (4:1 POPC:demosterol), whose diameters were in the range 30 to 60 μm. The following values were obtained κ = (51.9 ± 0.9)k B T for fucosterol κ = (65.9 ± 0.8)k B T for desmosterol.
The bending modulus for pure POPC vesicles is κ = (38.5  0.8)k B T (Henriksen et al., 2004) , for POPC with 20% ergosterol, κ = (53.5 ± 1.7)k B T, and for POPC with 20% cholesterol, κ = (70.2 ± 0.8)k B T (Henriksen et al., 2004 ), suggesting the following order of sterols for their capacity to increase the bending modulus, cholesterol > desmosterol > ergosterol > fucosterol.
Fucosterol and desmosterol are poorer ordering agents than cholesterol
As previously reported for cholesterol-containing ternary mixtures (Baumgart et al., 2007; Sezgin et al., 2012) , the fluorescent probes N-Rh-DPPE and Naphtopyrene (Fig.  5a) show favorable partitioning into the liquid-disordered and liquid-ordered phases, respectively. In Fig. 5b are shown the fluorescence microscope images of GUVs composed of DOPC:DPPC:sterol mixtures (2:2:1 mol) labeled with these two fluorescent probes.
Two key observations can be made from the confocal fluorescence images. First, although N-Rh-DPPE systematically label one region of the membrane, Napthopyrene show a different behavior depending on which sterol is used in the mixture. In the case of cholesterol, there is a clear separation between the two probes labeling each of the different phases separately. In the case of desmosterol, the partition of Napthopyrene become more even between the coexisting regions, while for fucosterol both probes colocalize almost evenly in the coexisting membrane regions. Fig. 5b is in line with previous observations done in other lipid mixtures, where each probe's partitioning properties among different membrane regions are highly dependent on the local chemical composition of the membrane domain and not on the actual phase state (Bagatolli, 2006; Bagatolli and Gratton, 2000a; 2000b; Juhasz et al., 2010; . Hence, these images cannot be used to assign lipid phases to the systems, but only determine the sensitivity of the probe's partition information to infer differences between the coexisting lipid domains. In all the images in Fig. 5b we observed rounded domains, indicating that the domains are controlled by an isotropic line tension that is characteristic of liquid phases. However, comparing with the cholesterol-containing mixtures, the shape of the domains progressively elongates in the order cholesterol < desmosterol < fucosterol. Taking all these results into account, we suggest that the three sterols possess different capacities to influence the coexisting liquid phases.
This variable partitioning of the probes demonstrated in
A more rigorous assessment of the nature of the coexisting phases and the ordering capacity of the sterols can be gauged from generalized polarization (GP) data using LAURDAN (fig. 6d ) as a fluorescent probe. LAURDAN offers the advantage of performing a quantitative analysis, which is different from the qualitative data provided by Napthopyrene and N-Rh-DPPE imaging. As stated earlier LAURDAN is evenly distributed in membranes displaying coexisting phases and its fluorescence signal is dependent on the water dipolar relaxation near the lipid head groups, which in turn is sensitive to the degree of order of the lipid acyl chains (Bagatolli, 2006; . Single GUVs with two different phases are clearly highlighted by the difference in LAURDAN GP in the two coexisting regions as shown in Fig. 6a-c , implying that the two phases can readily be singled out on the level of single GUVs.
The histograms for the GP function measured by two-photon fluorescence are also shown in Fig. 6a-c . The corresponding averages of the GP values in Fig. 7a show that in all cases the more ordered domains correspond to GP values previously obtained for liquid ordered-phases in mixtures displaying fluid immiscibility (Dietrich et al., 2001) , i.e., values that are different from those observed for the coexistence of fluiddisordered/solid-ordered (gel) phases (Bagatolli and Gratton, 2000a; 2000b) . In addition the data clearly demonstrate that the liquid-disordered phase gets less ordered in the sequence cholesterol > desmosterol > fucosterol, and the liquid-ordered phase gets slightly more ordered along the same sequence. The combination of these effects is most clearly seen in the difference in generalized polarization, ΔGP = GP(liquid-ordered)-GP(liquid-disordered), as shown in Fig. 7b .
The conclusion from all these measurements (Napthopyrene/N-Rh-DPPE confocal fluorescence and LAURDAN GP imaging) is that cholesterol, desmosterol, and fucosterol all sterols induce liquid immiscibility in mixtures with DOPC and DPPC. Additionally, fucosterol and desmosterol induce acyl-chain order in liquid membranes, but less effectively than cholesterol in the order: cholesterol > desmosterol > fucosterol, possibly reflecting the impact of the different molecular structure of the sterols in the lateral structure of the membrane.
Fucosterol and desmosterol promote liquid-liquid immiscibility and domain formation
In Fig. 8 are shown visualizations of the lateral structure of solid-supported lipid bilayers composed of ternary mixtures DOPC:DPPC:sterol (2:2:1) with fucosterol and desmosterol, respectively. The bilayers contain 0.5% of a fluorescent dye (DiIC 18 ) that dissolves predominantly in liquid-disordered phases. Images are shown as obtained by both AFM and fluorescence microscopy. Both types of imaging techniques demonstrate that at 22ºC either sterol is capable of inducing liquid-liquid immiscibility and a lateral membrane structure that is composed of lipid domains.
The double-supported membrane configuration provides a convenient control for the effect of the solid support on the domain pattern. The distal bilayer is interacting more weakly with the solid support than the proximal bilayer and as a result, domains coarsening and relaxations in the domain shape will be less restricted in the distal bilayer.
It is likely that the two phases in the images in Fig. 8 are respectively a sterol-rich liquidordered phase and a sterol-poor liquid-disordered phase. The topography scans of the proximal bilayer in Fig. 8 show that the height difference between the domains is about 0.6-0.8 nm as typically observed for two fluid membranes phases (Jensen et al., 2007) . Within the level of accuracy of the present measurements it is not possible to discern any variation in this height difference for the fucosterol and desmosterol systems. However, we notice that the measured height difference is clearly below the AFM height difference of ~1.2 nm measured for the same lipids (DOPC:DPPC, 1:1) without sterols (Dreier et al., 2014) suggesting a liquid nature of both membrane phases. The liquid nature of the lipid domains is also supported by the finding of rounded interfaces both in the fluorescence and AFM images, suggesting that the lateral organization is controlled by an isotropic line tension.
Discussion
We have in this paper chosen the lipid composition of the model systems in question, it be multilamellar, GUV, or supported bilayer, to allow us in the most reliable and quantitative setting to investigate the effect of sterols on a variety of physico-chemical membrane properties, such as phase transition temperature, chain ordering, mechanical bending modulus, and lateral structure. Whereas we have used DOPC for most of our models systems, it is more convenient to use POPC for forming stable GUVs for vesicle fluctuation analysis (Henriksen et al., 2004) . We are fully aware that the POPC/DPPC/chol ternary mixture does impose a general experimental challenge for the membrane biophysicists to study phase separation in GUVs, in that older work (Feigenson, 2007) has postulated that mixtures with POPC and DOPC in raft mixtures display different phase behavior. However, more recent work by the same group (Heberle et al., 2010) corrected this statement, providing evidence that mixtures with both DOPC and POPC display a very similar phase coexistence of liquid-ordered and liquiddisordered domains (phases). This has also been discussed in detail by Marsh (2013) . Hence, there is a consensus among workers in the field, that both DOPC and POPC are good representatives for a low-melting lipid in models of membranes with cholesterol (Marsh 2009 ). We have assumed that the same is the case for other higher sterols, like desmosterol and fucosterol.
Although only indirect information of lipid acyl chain ordering, the variation of the midpoint transition temperature T m measured by calorimetry shown in Fig. 3 suggests that the various sterols disorder acyl chains in solid-ordered phase in the sequence cholesterol < ergosterol < demosterol < fucosterol. This is consistent with our finding from fluorescence microscopy and GP polarization data that clearly demonstrate that the liquid-disordered phase becomes more ordered in the sequence cholesterol > desmosterol > fucosterol, and the liquid-ordered phase gets slightly less ordered along the same sequence. Comparison of micromechanics data for bending and area-expansion moduli with 2 H-NMR data for acyl chain ordering (Henriksen et al., 2006) in sterol-containing POPC bilayers has shown that there is a universal relationship between membrane mechanical parameters and acyl chain ordering. Based on this and earlier work on ergosterol (Henriksen et al., 2004) our finding in Sec. 3.2 of an increasing bending modulus of liquid-disordered bilayers in the order cholesterol > desmosterol > ergosterol > fucosterol is consistent with data from both calorimetry in Fig. 3 and GP polarization measurements in Fig. 7 .
Whereas the micromechanical results shed some light on the differential ability of the different sterols for ordering fluid lipid phases and domains, the present GP data does provide sufficient information to discriminate between sterol partitioning into coexisting domains and ability to induce order at the molecular level. It could very well be that the relative sterol partitioning into both phases may impact on the difference in the ΔGP measured, considering that this is only an indirect measure of the lipid order since GP basically measures the extent of water dipolar relaxation between the two coexisting phases. Further insight into this problem would require measurement of the molar fraction of the sterols in the coexisting phases in the ternary mixture, e.g., by NMR methods (Orädd et al., 2005) , which in turn requires knowledge of the full ternary phase diagram.
The observation of rounded (liquid-ordered) lipid domains in both fluorescence and AFM imaging, Fig. 5 and 8 , respectively, suggests that the domains are controlled by an isotropic line tension that is characteristic of liquid phases, although their shapes depend on the sterol in question with elongation in the order cholesterol < desmosterol < fucosterol, suggests that the three sterols possess different capacities to influence the coexisting liquid phases. Further testimony to the fact that the algal sterols desmosterol and fucosterol fluidize solid-ordered lipid bilayers is furnished by the AFM imaging in Fig. 8 which clearly shows that the bilayer thickness in the presence of the sterols is below that of the same lipid bilayer without sterols (Dreier et al., 2014) .
A number of recent studies have been concerned with the question as to which molecular property of the different higher sterols has the major influence on their capacity to influence ordering in lipid bilayer membranes (Vilchèze et al., 1996; Bittman, 1997; Miao et al., 2002; Huster et al., 2005; Bacia et al., 2005; Shahedi et al., 2006; Vainio et al., 2006; Megha and London, 2006; Samuli et al., 2007; Mannock et al., 2010; Shaghaghi et al., 2016) , and some of this work has addressed the question whether cholesterol can be replaced by some of the other higher sterols. Currently there is no clear consensus and it appears that there is a subtle interplay between the effect of the structure and degree of saturation of the side chain and the number of double bonds at the fused ring structure. With regard to the capacity for ordering fluid acyl lipid chains it appears that it is the structure of the side chain that is of more importance (Shaghaghi et al., 2016) , which in turn is responsible for the tilt of the sterol molecule when imbedded in the lipid bilayer (Aittoniemi et al., 2006) . The data presented in the present paper is consistent with this picture.
Conclusion
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The present paper provide additional support to the hypothesis (Nielsen et al., 2000; Miao et al., 2002) that one of the crucial traits of the higher sterols, despite their chemical difference across the different biological kingdoms, is that they share a common capacity to influence lipid chain order and lateral organization of membranes in a special way that lead to formation of liquid-ordered phases. This is in contrast to the common evolutionary precursor lanosterol in the biochemical pathway to the higher sterols, which is unable to stabilize liquid-ordered phases (Miao et al., 2002; Róg et al., 2008) .
A major finding of the present work is, that the two algal higher sterols desmosterol and fucosterol, similarly to cholesterol, ergosterol, phytosterols from animals, fungi, and higher plants respectively, are capable of inducing a liquid-ordered phase in bilayer membranes, hence lending further support to the hypothesis that the presence of membrane states or domains of a liquid-ordered nature is a common trait of the plasma membranes of higher organisms (Bloom and Mouritsen, 1995; Nielsen et al., 2000; Miao et al., 2002; Mouritsen and Zuckermann, 2004) . Fig. 1 Structural formulas for higher sterols studied in the present paper: fucosterol, desmosterol, cholesterol, and ergosterol.
Figures
Fig. 2
Thermograms showing the excess specific heat as a function of temperature for multilamellar dispersions of mixtures of DPPC with four different higher sterols at varying concentrations. From top to bottom the sterol mole fractions are 0, 0.05, 0.10, 0.13, 0.20, and 0.25. Fig. 3 Transition temperatures, T m , extracted from the peak positions of the specific heat in the thermograms shown in Fig. 2 . The data refer to measurements on single samples. The estimated uncertainty is ±0.1 degree.
Fig. 4
Phase contrast microscopy image of a GUV composed of POPC with 20% fucosterol at 25ºC. Fluctuations away from spherical shape is seen. 
Fig. 8
Solid-supported bilayers with composition DOPC:DPPC:sterol (2:2:1) at 22 º C. AFM topography scans of the lowest (proximal) bilayer are shown in (a,c) and corresponding fluorescence microscopy images in (b,d) . Results for fucosterol are shown in (a,b) and results for desmosterol in (c,d) . Topography profiles across domains are shown corresponding to the green lines in the AFM images. The large bright areas in the fluorescence images are regions containing double supported bilayers and darker areas are regions with one bilayer.
